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1
METHODS AND APPARATUS FOR ADAPTIVE
NONLINEAR COINCIDENT INTERFERENCE
CANCELLATION

BACKGROUND

As is known in the art, the reception and demodulation of
desired signals is limited by the presence of high levels of
in-band interference. Modern receivers convert analog input
waveforms into digital waveforms at some point in order to
take advantage of enhanced digital technologies. This con-
version process is performed by an analog to digital converter
(ADC). As is known in the art, the level of in-band interfer-
ence that can be tolerated in these digital receivers is often
limited by the actual or effective number of bits (ENoB) of
this ADC.

Digital post-processing, especially adaptive interference
post-processing, can greatly reduce the impact of in-band
interference on recovered signal integrity, but only if the ratio
of interference to signal levels are within dynamic range
limitations imposed by the digitizing ADC’s ENoB. When
in-band interfering signals are very large, the gain in front of
this ADC must be reduced to keep the ADC from saturating.
This can reduce the desired signal to the point where ADC
ENoB limitations degrade the ability to recover the signal
properly. Mono-bit ADC techniques, which utilize a saturat-
ing 1-bit “ADC” to generate a 1-bit word sample-stream,
avoid these pitfalls, but such techniques reduce the signal-to-
noise ratio by approximately 2 dB and break down when one
or a few large interferers dominate.

Conventional analog or digital interference cancellation
techniques generally rely on frequency, spatial, temporal, or
code discrimination to separate interference from desired
signals for cancellation purposes. Such techniques generally
utilize linear cancellation methods, which reduce signal as
well as interference levels when there is near or complete
signal-interference coincidence. This is due to lack of
orthogonality between the signal and interferer in a linear
space as coincidence is approached.

While prior art systems use analog cancellation, this analog
cancellation has historically been limited to 20 to 30 dB due
to imperfections in and differences between analog compo-
nents in the analog cancellation path.

SUMMARY

The present invention provides methods and apparatus for
achieving a high degree of adaptive coincident interference
cancellation without degrading signals of interest when the
incoming interference to signal ratio is high. Exemplary
embodiments of the invention are adaptive in the sense that
new previously unknown interferers are detected, their char-
acteristics are determined, and these new interferers are adap-
tively cancelled during operation. In exemplary embodi-
ments, an input signal includes an analog waveform
comprising signals of interest and interference contained in a
common radio frequency (RF) or intermediate frequency (IF)
band. An output includes a digitized common waveform com-
prising these same signals with the interference removed to a
high degree.

In an exemplary embodiment, an interference cancelling
system comprises first and second stages and a common
digital signal processor. The first stage adaptively identifies
interferers and their characteristics and performs pre-signal-
digitizing ADC analog interference cancellation to mitigate
the dynamic range limitations imposed by ADC effective
number of bit (ENoB) limitations. This stage utilizes a pre-
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2

cancel interference measurement ADC and a common digital
signal processor to first detect, characterize, and model the
interferers present in the common waveform. After interfer-
ence characterization, the signal processor makes a nonlinear
hard-decision as to the specific modulation type (MT) of each
detected interferer, and generates a time-domain waveform
model for each interferer with adjustable parameters appro-
priate to its MT. The sum of these model waveforms is pro-
jected forward in time and reproduced in the analog domain
utilizing an interference cancellation digital-to-analog con-
verter (DAC). This projected analog cancellation waveform is
then used to cancel the interferers in real-time, just before a
post-cancellation signal-digitizing ADC. In parallel, the pro-
cessor utilizes feedback from this signal-digitizing ADC to
determine the level of cancellation achieved and to adaptively
adjust parameters in the interference models to maximize the
analog interference cancellation. In one embodiment, digital
calibration tables stored in the digital processor are also uti-
lized in this analog cancellation process to compensate for
imperfections in and differences between analog components
in the analog cancellation path, improving analog interfer-
ence cancellation.

In exemplary embodiments of the invention, the ADCs and
DAC contain processor-controlled variable gain elements to
optimize ADC and DAC resolutions as adaptive cancellation
is achieved. Thus, the gain of the interference ADC is set low,
so high-levels of interference do not saturate this ADC, while
the gain of the signal ADC is set high to take advantage of the
analog cancellation. This extends the dynamic range of the
receiver significantly beyond limits imposed by the ENoB of
the signal ADC, if it were utilized alone.

In exemplary embodiments of the invention, the above
interference cancellation technique is also repeated in a sec-
ond digital cancellation stage to increase the total interference
cancellation of the invention significantly beyond that achiev-
able by analog cancellation alone. This second stage utilizes
the digital output of the signal ADC to perform this second
cancellation in the digital domain.

The nonlinear M T-based nature of the cancellation utilized
minimizes inadvertent signal reductions as maximum cancel-
lation of coincident interference is achieved. Only parameters
appropriate to each MT are adjusted in cancellation feedback
loops, minimizing signal reduction due to non-orthogonality
of the desired signals and coincident interference.

There are typically two types of interferers of concern to be
cancelled—those with completely predictable repetitive
waveforms (after they are characterized), such as radar sig-
nals, and those that contain non-predictable data symbols,
such as communications signals. Predictable interference
waveforms can be projected forward for real-time cancella-
tion without difficulty. However, interference waveforms
containing non-predictable data symbols present a real-time
cancellation problem as these data symbols change. To aid in
the real-time cancellation of such signals, an analog delay-
line can be included in the signal path between the interfer-
ence ADC and the analog cancellation point. This delays the
signal between measurement and cancellation to provide time
for the processor to measure the unpredicted symbol change
and correct for it before the signal ADC. In exemplary
embodiments, a precise time and frequency reference (PTFR)
is also utilized to allow the accurate forward projection of the
cancellation signals.

In exemplary embodiments of the invention, the second
stage augments the coarse interference cancellation of the
first analog stage by providing additional digital cancellation
similar in operation to that of the analog cancellation, but
implemented in the digital domain. Such digital cancellation
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is not susceptible to analog component limitations and can
achieve even higher levels of interference cancellation and is
especially effective after first-stage interference level reduc-
tion. In an exemplary embodiment, the combined analog and
digital cancellation stages working together are expected to
provide about 60 dB of total interference cancellation without
degrading desired signal levels, greatly extending the
dynamic range of receivers and demodulators.

It is understood that, as used herein, in-band interference
refers to interference that is in the pre-ADC filter bandwidth
of'the signal digitizing ADC. Itis also understood that, as used
herein, dynamic range means the ratio of the largest in-band
interfering signal power to the minimum detectable power for
a signal of interest.

In one embodiment, an interference cancellation system
uses hybrid analog/digital techniques to cancel interference
before the signal ADC, and uses digital processing to enhance
the cancellation process and provide further digital post-pro-
cessing. In one particular embodiment, a system uses nonlin-
ear models for cancellation that only allow detection and
adjustment of parameters appropriate to the identified inter-
ference modulation model (e.g., for radar, pulse sync, rate,
width, chirp rate, carrier frequency and phase, etc). This is
distinguished from linear modeling, which relies on the
orthogonality between the interference and signal in a linear
space to achieve separation and selective cancellation. In the
linear technique, signal, as well as interference, can be can-
celled due to imperfect modulation orthogonality. In the non-
linear technique, only the waveform appropriate to the char-
acterized interference modulation is subtracted. This reduces
signal cancellation as the interference is cancelled. In one
particular embodiment, a system utilizes digital calibration
tables to compensate for analog components imperfections,
improving analog interference cancellation.

In one aspect of the invention, a system comprises: an
analog cancellation stage to receive an input signal having a
signal of interest and an interfering signal, comprising: a first
ADC to digitize the input signal, a first signal processing
module to process the digitized input signal, a first cancella-
tion signal generator coupled to the first signal processing
module for generating a first cancellation signal based upon at
least one characteristic of the interfering signal to remove at
least a portion of the interfering signal, a DAC to transform
the first cancellation signal to the analog domain, and an
analog removal module coupled to the DAC to remove the
first cancellation signal from the analog input signal and
provide an analog output signal, a second ADC coupled to the
analog cancellation stage to receive the analog output signal
and generate a digital output signal, and a digital cancellation
stage coupled to an output of the second ADC, the digital
cancellation stage comprising: a second signal processing
module to process the digital output signal from the second
ADC, a second cancellation signal generator coupled to the
second signal processing module, and a digital interference
removal module coupled to the output of the second ADC and
to the second cancellation signal generator module for
removing at least a portion of the interfering signal that
remains after removal by the analog removal module.

The system can further include one or more of the follow-
ing features: the first signal processing module comprises a
matched filter module, the first signal processing module
comprises a signal database, the first signal processing mod-
ule comprises analog cancellation loops, a feedback path
from the first signal processing module to the digital cancel-
lation stage, a time and frequency reference module, and/or
the analog removal module comprises a summer.
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In another aspect of the invention, a method comprises:
digitizing an analog input signal having signal of interest and
an interfering signal, generating a first cancellation signal
based upon at least one characteristic of the interfering signal
to remove at least a portion of the interfering signal, trans-
forming the first cancellation signal to the analog domain,
removing the first cancellation signal from the analog input
signal and providing an analog output signal, generating a
digital output signal from the analog output signal, generating
a second cancellation signal from the digital output signal and
at least one characteristic of the interfering signal to remove
remaining portions of the interfering signal, and removing the
second cancellation signal from the digital output signal and
providing an in interference-cancelled output signal.

The method can further include one or more of the follow-
ing features: using feedback from analog cancellation to
enhance digital cancellation, the at least one characteristic of
the interfering signal includes modulation type, performing
modulation type detection and characterization using at least
one of: pulse amplitude detection, fast Fourier transform
(FFT), autocorrelation, Loéve spectrum, or Wigner-Ville
functions, using a historical signal information to create the
first cancellation signal, delaying the analog input signal prior
to removing the first cancellation signal from the analog input
signal and providing an analog output signal, and/or using a
summer for removing the first cancellation signal from the
analog input signal and providing an analog output signal.

In a further aspect of the invention, a system comprises: a
first means for cancelling to receive an is input signal having
a signal of interest and an interfering signal and cancel the
interfering signal from the input signal in the analog domain
based on at least one characteristic of the interfering signal,
and a second means for cancelling to receive an output from
the first means having the signal of interest and remaining
portions of the interfering signal, the second means to further
remove the remaining interfering signal in the digital domain.

The system can further include one or more of the follow-
ing features: a feedback means to provide feedback to the
second means for cancelling from the first mean for cancel-
ling to increase cancellation of the interfering signal, the at
least one characteristic of the interfering signal includes
modulation type, and/or the at least one characteristic
includes one or more of pulse amplitude detection, fast Fou-
rier transform (FFT), autocorrelation, Loéve spectrum, and/
or Wigner-Ville functions.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing features of this invention, as well as the
invention itself, may be more fully understood from the fol-
lowing description of the drawings in which:

FIG. 1 shows an exemplary interference cancellation sys-
tem having an analog interference cancellation stage and a
digital interference cancellation stage in accordance with
exemplary embodiments of the invention;

FIG. 2 is a schematic representation showing an exemplary
implementation of an interference cancellation system hav-
ing an analog interference cancellation stage and a digital
interference cancellation stage in accordance with exemplary
embodiments of the invention;

FIG. 3 is aflow diagram showing an exemplary sequence of
steps for implementing interference cancellation having an
analog interference cancellation stage and a digital interfer-
ence cancellation stage in accordance with exemplary
embodiments of the invention;
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FIG. 4 is a graphical representation of simulation results
predicting the performance of the invention in the presence of
coincident interfering and signal waveforms; and

FIG. 5 is a schematic representation of an exemplary com-
puter that can perform at least a portion of the processing
described herein.

DETAILED DESCRIPTION

FIG. 1 shows a signal interference cancellation system 100
in accordance with exemplary embodiments of the invention.
A first stage 102 provides coarse analog cancellation and a
second stage 104 provides additional digital cancellation
similar in operation to that of the analog cancellation but in
the digital domain. In an exemplary embodiment, the com-
bined analog and digital cancellation stages 102, 104 working
together are believed to provide about 60 dB of total interfer-
ence cancellation without degrading desired signal levels,
greatly extending the dynamic range of receivers and
demodulators.

The analog interference cancellation stage 102 includes a
pre-cancel interference digitizing analog-to-digital converter
(ADC) 106 coupled to an analog cancellation processing
module 108. In an exemplary embodiment, a digital signal
processor 109 includes the analog cancellation processing
module 108 and a digital cancellation processing module 118.
As described more fully below, the analog cancellation pro-
cessing module 108 determines the modulation type (MT) for
the interfering signal(s), sets up an MT model for each inter-
ferer, and provides initial estimates of MT model character-
istic parameters. Once the MT model is set up, along with its
characteristic parameters, a cancellation waveform generator
110 generates a signal that is projected/estimated forward in
time to real-time cancel the interfering signal in the incoming
received waveform. An interference cancel digital-to-analog
converter (DAC) 112 converts the signal from the cancella-
tion waveform generator 110 to the analog domain for the
actual analog real-time cancellation in an analog interference
cancellation module 114, which also receives the incoming
received waveform. The analog interference cancellation
module 114 outputs a new analog waveform with the inter-
ference removed to a large extent. The output of the analog
interference cancellation module 114 is then processed by the
digital stage 104, as described more fitly below.

In exemplary embodiments of the invention, the ADCs
106,116 and DAC 112 contain processor-controlled variable
gain elements to optimize ADC and DAC resolutions as adap-
tive cancellation is achieved. In one embodiment, the gain of
the interference digitizing ADC 106 is set low so that high-
levels of interference do not saturate this ADC, while the gain
of'the signal digitizing ADC 116 is set high to take advantage
of the analog cancellation. This higher gain improves signal
detection capabilities and extends the dynamic range of the
receiver significantly beyond limits imposed by the ENoB of
the signal ADC 116, if it were utilized alone. In exemplary
embodiments, the processor also utilizes digital calibration
tables previously generated from component measurements
to compensate for analog components imperfections,
improving analog interference cancellation.

The digital interference cancellation stage 104 receives the
processed signal after cancellation by the analog stage 102,
further operating on the digitized waveform from the signal
digitizing analog-to-digital converter 116. The digital cancel-
lation processing module 118 processes this digital wave-
form, as described more fully below. A cancellation wave-
form generator 120 generates a digital signal input to a digital
interference cancellation module 122 that removes at least a
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portion of remaining interfering signal. The digital cancella-
tion processing module 118 receives the output signal from
the digital interference cancellation module 122 to provide
feedback for enhancing cancellation of the interfering signal.
The output signal from the digital interference cancellation
module 122 can provide a signal with total cancellation of
about 60 dB, for example.

FIG. 2 shows further detail for the analog and digital inter-
ference cancellation stages 102, 104 of FIG. 1. In the illus-
trative embodiment, a received radio frequency (RF) analog
waveform over a frequency band of interest includes one or
more signals of interest (SOIs) and one or more interfering
signals in the band of interest. This RF waveform is then
either down-converted to an intermediate frequency (IF) or
input directly for interference cancellation. In general, inter-
fering signals of any practical frequency can be removed in
accordance with exemplary embodiments of the invention,
whether they are coincident with the frequencies of the SOIs
or not.

It is understood that there are a variety of suitable tech-
niques for removing interfering signals that are separated in
frequency from those of the SOIs. However, frequency coin-
cident interferers are not readily removable using conven-
tional techniques. Exemplary embodiments of the invention
utilize modulation type (MT) differences between the SOIs
and interferers to detect, model, and cancel both coincident
and non-coincident interferers without degrading the SOIs in
the cancellation process, as described more fully below. For
example, a radar signal has different MT characteristics than
that of a communication signal.

In one particular embodiment, a system detects the pres-
ence of an the interferer of concern, characterizes its modu-
lation type (MT), and makes a “hard” decision as to the
specific MT of the interferer in setting up an adjustable
parameter waveform model of the interferer to be used for
cancellation purposes. Examples of appropriate adjustable
parameters for a radar MT include pulse timing parameters,
chirp or other pulse modulation parameters, and carrier fre-
quency and phase parameters. Examples of appropriate
adjustable parameters for a communications MT are carrier
frequency and phase parameters, amplitude, phase, fre-
quency, code division, or mixed modulation (FSK, ASK,
QAM), modulation symbol order (binary, ternary, quaternary,
BPSK, QPSK, etc.), modulation rates (Chip and data rates)
and timing, symbol shaping, and the data symbols them-
selves. These MTs and parameters are known to those in the
art. Because of this nonlinear hard decision and the adjust-
ment of only parameters appropriate to the interferers MT by
the cancellation processor, the system can cancel SOI coin-
cident interferers with little or no inadvertent SOI degrada-
tion, so long as the interferers and SOIs have different MTs.

This is distinguished from linear cancellation techniques
that rely totally on matched filters to separate the interferer
from the SOI. Such linear techniques run into difficulty in
cancelling nearly or exactly frequency coincident interferers
because of the lack of orthogonality between the interferer
and the SOI in a signal processing Hilbert space. Thus, such
linear techniques tend to cancel more and more of the SOI
along with the interference as coincidence is approached.

As can be seen in the upper left in FIG. 2, an interfering
signal INT can dominate the SOI. In this situation, when the
incoming waveform (interfering signal plus signal of interest)
is provided to a first interference measuring ADC 204 for
digitization, as in conventional systems, the digitized output
is dominated by the high level interference and the gain before
this ADC must be adjusted to avoid saturation of this ADC by
the high level interference. In this situation, the SOI level can
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be below the least significant bit (LSB) of the ADC, and the
501 can be degraded or lost due the actual or effective number
of bit (ENoB) limitations of the ADC. In contrast, in accor-
dance with exemplary embodiments of the invention, the
analog cancellation stage results in the analog waveform
being input to a second post-analog-cancel signal digitizing
ADC 230 is no longer dominated by interferers in the wave-
form. Here, the gain before this ADC can be increased to
accommodate the SOIs resulting in much less degradation of
the SOIs due to ADC ENoB limitations. This effectively
increases the receiver dynamic range in the presence of large
interferers. One skilled in the art will readily appreciate the
advantage of this increased dynamic range.

The input waveform 202 is provided to interference mea-
suring ADC module 204 and to an interference cancelling
summer module 206 after an analog delay line 205. The ADC
module 204 digitizes the interference dominated input wave-
form for digital processing by an adaptive modulation type
(MT) interference detect and characterize module 208 and by
MT-based interference matched filters 212 set up by the pro-
cessor after the initial detection process, as described more
fully below. In exemplary embodiments, the system is adap-
tive in the sense that new interferers are detected, their char-
acteristics are determined, and these new interferers are can-
celled on the fly during operation. Thus there is an
accommodation period for new interferers where cancella-
tion is first achieved and then improved before a steady state
cancellation is reached. For new unknown interferers, the
detect and characterize module 208 uses a variety of meth-
odologies to detect and identify the MT of interferers and
make initial estimates of their appropriate adjustable param-
eters. These methodologies include pulse amplitude detec-
tion, the fast Fourier transform (FFT), autocorrelation, the
Loéve spectrum, Wigner-Ville functions, and other method-
ologies known to those adept in the art of signal detection and
characterization. Because of the inherent high signal to noise
ratio (SNR) of the high-level interference, their detection, MT
characterization, and cancellation is quickly accomplished.

In one embodiment, a database 210 of historical signal data
is used to aid in detecting and characterizing the MT of
previously encountered interferers. Exemplary signals in the
database 210 include a list of known interferers and many of
their characteristic parameters, such as their carrier frequen-
cies and MT parameters. Based on the detected modulation
type, the interferer can be characterized and modeled, as
described more fully below.

Based on a nonlinear hard decision as to the MT of each
detected and characterized interferer, an MT-based adjustable
parameter waveform model 216 and an MT-based matched
filter 212 to optimally determine the interferer’s parameter
characteristics from the digitized signal at the ADC 204 are
set up by the processor. Second post-analog-cancellation MT-
based matched filters 234 are also set up by the processor to
determine the residual presence of each interferer in the post-
analog-cancel signal ADC 230 output.

Analog cancellation is accomplished first by summing
interference MT model waveforms in a waveform generator
218, which drives a cancel digital to analog converter (DAC)
220 to produce the analog cancel waveform. Second, actual
analog cancellation is performed in module 206, which com-
prises an analog summer module (Z), well known in the art.
The waveform generator 218 also projects the cancelling
waveform forward in time to enable real-time analog cancel-
lation in module 206. This forward projection accommodates
processing delays in generating the cancellation waveform.
The precise time and frequency reference 243 provides pre-
cise time and frequency signals so that forward time projec-
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tion can be achieved with sufficient accuracy to achieve
proper cancellation. An analog delay line 205 in the path
between the input signal 202 and cancellation module 206
delays the signal to further accommodate processing delays.
This is useful in dealing with communication interferers that
have data changes that cannot be predicted in advance. In
accommodating these data changes, the fact that a high level
interferer is received with a very high signal to noise ratio is
utilized to determine the data change in much less than a
symbol period. Included in waveform generator 218 are cali-
bration tables that correct for analog component imperfec-
tions. These calibration tables are determined prior to opera-
tion and increase the level of analog interference cancellation
that can be achieved.

Also contained in the processor are analog cancellation
loop modules 214 that utilize the pre and post cancel outputs
from the matched filters 212 and 214 to continually optimize
analog interference cancellation by adjusting MT model 216
parameters. Such loop modules are well known in the art and,
in this embodiment, are based on minimizing can square
differences between the incoming data and model outputs, a
technique also known to those in the art. Again, the fact that
only parameters appropriate to the chosen MT model are
adjusted minimizes inadvertent 501 cancellation when there
is interference-SOI frequency coincidence.

The digital interference cancellation stage operates on the
analog interference cancelled digital output of the signal
ADC 230 to achieve further interference cancellation totally
in the digital domain. Simulations of exemplary embodi-
ments of the invention in FIG. 4 show that the combined
stages are expected to achieve a total interference cancella-
tion level of 60 dB. This digital stage utilizes pre-digital
cancel matched filters 234, post-digital cancel matched filters
242, MT models 328, digital cancellation loops 236, digital
summer 232, and waveform generator 240 (with no cancel
DAC, since cancellation is digital) to implement MT-based
nonlinear cancellation in a fashion similar to that of the ana-
log cancellation stage. It is noted that information is shared
between the analog and digital stages to improve overall
performance.

It is understood that the amount of interference reduction
can vary based upon various signal characteristics, such as
ratio of interferer to signal of interest, strength of interferer,
strength of signal of interest, modulation type, etc. It is further
understood that the amount of interference reduction corre-
sponds to the accuracy of the modulation type processing. For
example, while radar signals may be relatively predictable,
other interferers, such as communication signals, may be
relatively unpredictable.

It is understood that adaptive modulation type detection
and characterization can be performed using a variety of
established techniques. These include pulse amplitude detec-
tion, the fast Fourier transform (FFT), autocorrelation, the
Logéve spectrum, Wigner-Ville functions, and other method-
ologies known to those adept in the art of signal detection and
characterization. Signals are detected and characterized by
MT and other parameters. Parameter optimization loops
include generating optimized running estimates of separate
signal parameters, utilizing current and historical, including a
priori, data, and using update data based on cancellation
results. Pre-cancelation matched filter estimation can use
generated waveform estimates of separate signals. Active
cancellation loops cancel interference and/or distortion based
on waveform estimates. Post-cancelation matched filter esti-
mation measures residual interference and feedback informa-
tion to optimize parameter and waveform estimators and pro-
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vides feedback of desired signal
information to further optimize loops.

In exemplary embodiments, processing coordinates both
in-band and out-of-band interference cancellation. For out-
of-band interference, conventional techniques, such as band-
pass and notch filtering are utilized. For in-band interference
that is not frequency coincident, these conventional filtering
techniques are also utilized. For SOI-coincident in-band coin-
cident interferers and SOI-coincident intermodulation and
harmonic distortion products generated by non-coincident
interferers, the nonlinear techniques described previously are
utilized. In exemplary embodiments, a precise time and fre-
quency reference (PTFR) module 242 can be used for strin-
gent phase/time and frequency stability for optimizing can-
cellation.

FIG. 3 shows an exemplary sequence of steps to provide
removal of an interfering signal in accordance with exem-
plary embodiments of the invention. In step 300, an input
analog waveform containing one or more a signals of interest
and one or more interfering signals is received. In step 302,
the input signal is digitized. In step 310, new interferers are
detected and their MTs and MT parameter characteristics are
determined. In step 312, after a hard decision as to their MT,
MT models and matched filters are set up for these new
interferers and enter into the pool of existing analog MT
models 314, pre-analog-cancel matched filters 316, post-ana-
log-cancel matched filters 318, digital MT models 324, and
post-digital-cancel matched filters 328. In parallel, the exist-
ing analog MT models 314 are projected forward in time and
combined into a total analog interference cancel waveform
320, so that real-time analog cancellation 304 can be per-
formed on the input waveform. This analog cancelled wave-
form is then digitized 306 and fed to the existing post-cancel
matched filters 318. Also in parallel, based on the outputs of
the pre and post analog cancelled matched filters 316 and 318,
analog cancellation loops 322 optimize the M T model param-
eters for best mean square cancellation.

In the exemplary sequence shown in FIG. 3, remaining
interference in the digitized post-analog-cancel waveform
306 is further digitally cancelled 308 in a fashion similar to
that of the analog cancellation segment. This is accomplished
using digital interference cancel waveform generation 326,
digital MT models 324, post-digital-cancel matched filters
328, and post-analog-cancel-matched filters 318.

FIG. 4 shows exemplary waveform simulations for remov-
ing an interfering signal in accordance with exemplary
embodiments of the invention. The RF spectrum of an input
signal with noise is shown in FIG. 4A and that of an input
signal with noise and an interfering signal is shown in FIG.
4B. FIG. 4C shows the spectrum of the signal after analog
processing to remove the interfering signal. FIG. 4D shows
the spectrum of the signal after further removal of the inter-
fering signal in the digital domain. FIGS. 4E-H show the
spectrum for the respective signals of FIGS. 4A-D after
desired-signal matched-filter demodulation (DEMOD). This
second set of figures shows how the signal and interference
would appear after further processing in a signal-matched
receiver operating on the waveform at various stages in an
exemplary invention embodiment corresponding to FIGS.
4A-D.

In exemplary embodiments, digital signal processing can
be accomplished using the exemplary computer in FIG. 5 or
a variety of field programmable gate arrays (FPGA) or appli-
cation specific integrated circuits (ASICs).

FIG. 5 shows an exemplary computer 500 that can perform
at least part of the processing described herein. The computer
500 includes a processor 502, a volatile memory 504, a non-
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volatile memory 506 (e.g., hard disk), an output device 507
and a graphical user interface (GUI) 508 (e.g., a mouse, a
keyboard, a display, for example). The non-volatile memory
506 stores computer instructions 512, an operating system
516 and data 518. In one example, the computer instructions
512 are executed by the processor 502 out of volatile memory
504. In one embodiment, an article 520 comprises non-tran-
sitory computer-readable instructions.

Processing may be implemented in hardware, software, or
a combination of the two. Processing may be implemented in
computer programs executed on programmable computers/
machines that each includes a processor, a storage medium or
other article of manufacture that is readable by the processor
(including volatile and non-volatile memory and/or storage
elements), at least one input device, and one or more output
devices. Program code may be applied to data entered using
an input device to perform processing and to generate output
information.

The system can perform processing, at least in part, via a
computer program product, (e.g., in a machine-readable stor-
age device), for execution by, or to control the operation of,
data processing apparatus (e.g., a programmable processor, a
computer, or multiple computers). Each such program may be
implemented in a high level procedural or object-oriented
programming language to communicate with a computer sys-
tem. However, the programs may be implemented in assem-
bly or machine language. The language may be a compiled or
an interpreted language and it may be deployed in any form,
including as a stand-alone program or as a module, compo-
nent, subroutine, or other unit suitable for use in a computing
environment. A computer program may be deployed to be
executed on one computer or on multiple computers at one
site or distributed across multiple sites and interconnected by
a communication network. A computer program may be
stored on a storage medium or device (e.g., CD-ROM, hard
disk, or magnetic diskette) that is readable by a general or
special purpose programmable computer for configuring and
operating the computer when the storage medium or device is
read by the computer. Processing may also be implemented as
a machine-readable storage medium, configured with a com-
puter program, where upon execution, instructions in the
computer program cause the computer to operate.

Processing may be performed by one or more program-
mable processors executing one or more computer programs
to perform the functions of the system. All or part of the
system may be implemented as, special purpose logic cir-
cuitry (e.g., an FPGA (field programmable gate array) and/or
a ASIC (application-specific integrated circuit)).

Having described exemplary embodiments of the inven-
tion, it will now become apparent to one of ordinary skill in
the art that other embodiments incorporating their concepts
may also be used. The embodiments contained herein should
not be limited to disclosed embodiments but rather should be
limited only by the spirit and scope of the appended claims.
All publications and references cited herein are expressly
incorporated herein by reference in their entirety.

What is claimed is:

1. A system, comprising:

an analog cancellation stage to receive an input signal

having a signal of interest and one or more interfering

signals of unknown modulation type (MT), comprising:

a first ADC to digitize the input signal;

a first signal processing module configured to process
the digitized input signal including to detect the pres-
ence of the one or more interfering signals and char-
acterize the MT of each of the one or more interfering
signals by comparison to a library of MTs for making
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anon-linear hard decision of modulation type for each
of the one or more interfering signals and generating
a parameter adjustable MT model and matched filter
MT detectors for non-linearly cancelling each of the
one or more interfering signals by adjusting the
parameters in the MT models to maximize cancella-
tion;

a first cancellation signal generator coupled to the first
signal processing module and configured to generate
a digital first interference cancellation waveform
from the parameter-adjusted interferer MT models
generated by the first signal processing module;

a DAC coupled to the first cancellation signal generator
to transform the first interference cancellation signal
from the digital domain to the analog domain for
cancelling the one or more interfering signals; and

an analog removal module coupled to the DAC to sub-
tract the first interference cancellation signal from the
input signal and provide an analog first cancellation
output signal;

a second ADC coupled to the analog removal module to

digitize the analog first cancellation output signal; and

a digital cancellation stage coupled to an output of the

second ADC, the digital cancellation stage comprising:

asecond signal processing module configured to process
the digital output signal from the second ADC with
further MT model-based interference cancellation
and to provide feedback to the first signal processing
module to optimize the cancellation of the one or
more interfering signals;

a second cancellation signal generator coupled to the
second signal processing module to optimize digital
cancellation; and

a digital interference removal module coupled to the
output of the second ADC and to the second cancel-
lation signal generator module for further removing
the interfering signals in the digital domain.

2. The system according to claim 1, wherein the first signal
processing module comprises a matched filter module.

3. The system according to claim 1, wherein the first signal
processing module comprises a signal database.

4. The system according to claim 1, wherein the first signal
processing module comprises analog cancellation loops.

5. The system according to claim 1, further including a
feedback path from the first signal processing module to the
digital cancellation stage.

6. The system according to claim 1, further including a time
and frequency reference module.

7. A method, comprising:

performing analog cancellation stage on an input signal

having a signal of interest and one or more interfering

signals of unknown modulation type (MT), comprising:

employing a first ADC to digitize the input signal;

employing a first signal processing module to process
the digitized input signal including to detect the pres-
ence of the one or more interfering signals and char-
acterize the MT of each of the one or more interfering
signals by comparison to a library of MTs for making
anon-linear hard decision of modulation type for each
of the one or more interfering signals and generating
a parameter adjustable MT model and matched filter
MT detectors for non-linearly cancelling each of the
one or more interfering signals by adjusting the
parameters in the MT models to maximize cancella-
tion;

employing a first cancellation signal generator coupled
to the first signal processing module and configured to
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generate a digital first interference cancellation wave-
form from the parameter-adjusted interferer MT mod-
els generated by the first signal processing module;

employing a DAC coupled to the first cancellation signal
generator to transform the first interference cancella-
tion signal from the digital domain to the analog
domain for cancelling the at least one interfering sig-
nals; and

employing an analog removal module coupled to the
DAC to subtract the first interference cancellation
signal from the input signal and provide an analog first
cancellation output signal;

employing a second ADC coupled to the analog removal
module to digitize the analog first cancellation output
signal; and

employing a digital cancellation stage coupled to an
output of the second ADC, the digital cancellation
stage comprising:

a second signal processing module to process the digital
output signal from the second ADC with further MT
model-based interference cancellation and to provide
feedback to the first signal processing module to opti-
mize the cancellation of the at least one interfering
signal;

a second cancellation signal generator coupled to the
second signal processing module to optimize digital
cancellation; and

a digital interference removal module coupled to the
output of the second ADC and to the second cancel-
lation signal generator module for further removing
the interfering signals in the digital domain.

8. The method according to claim 7, further including using
feedback from analog cancellation to enhance digital cancel-
lation.

9. The method according to claim 7, wherein the at least
one characteristic of the interfering signal includes modula-
tion type.

10. The method according to claim 9, further including
performing modulation type detection and characterization
using at least one of: pulse amplitude detection, fast Fourier
transform (FFT), autocorrelation, Loéve spectrum, or
Wigner-Ville functions.

11. The method according to claim 7, further including
using a historical signal information to create the first cancel-
lation signal.

12. The method according to claim 7, further including
delaying the analog input signal prior to removing the first
cancellation signal from the input signal and providing an
analog output signal.

13. The method according to claim 7, further including
using a summer for removing the first cancellation signal
from the analog input signal and providing an analog output
signal.

14. A system, comprising:

a first means for cancelling to receive an input signal hav-
ing a signal of interest and an interfering signal of
unknown modulation type and to cancel the interfering
signal from the input signal in an analog domain based
on at least one characteristic of the interfering signal
using a non-linear modulation type (MT) model; and

a second means for cancelling to receive an output from the
first means having the signal of interest and remaining
portions of the interfering signal, the second means to
further remove the remaining interfering signal in a digi-
tal domain,

wherein the first means for cancelling further uses modu-
lation type differences between the signal of interest and
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the interfering signal for cancelling the interfering signal
by making a nonlinear hard decision of modulation type
for the interfering signal and, selecting waveform
parameter estimates for the non-linear MT model for the
interfering signal based on the nonlinear hard decision
of modulation type.

15. The system according to claim 14, further including a
feedback means to provide feedback to the second means for
cancelling from the first mean for cancelling to increase can-
cellation of the interfering signal.

16. The system according to claim 14, wherein the at least
one characteristic of the interfering signal includes modula-
tion type.

17. The system according to claim 14, wherein the at least
one characteristic includes one or more of pulse amplitude
detection, fast Fourier transform (FFT), autocorrelation,
Loéve spectrum, and/or Wigner-Ville functions.

#* #* #* #* #*
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